in natural subsurface media are limited. In many of the studies conducted to date, model colloids (latex micro-
olinite in the study to provide a systematic comparison through two sands supports the assumption that chemical heterogeneon transport behavior between chemically heterogeity is important in controlling particle-particle and particle-collector neous Hanford colloids and a relatively homogenous interactions in colloid retention and transport. mineral colloid kaolinite.
THEORY

C
olloids are ubiquitously present in subsurface formations and are formed in situ through geo-
Calculation of Colloid Attachment Efficiency (␣) chemical alterations of primary minerals (McCarthy and
and Travel Distance (L T ) Zachara, 1989) . Colloid transport and its potential to Colloid deposition in porous media can be described by the enhance subsurface contaminant transport have been following equation (Yao et al., 1971; O'Melia, 1990): well documented (Mills et al., 1991; Ryan and Elimelech, 1996; Kretzschmar et al., 1999; Ryan et al., 2000;  dC dx ϭ 3 2 Lewis, 2002) . Colloid-facilitated transport has been recognized as an important mechanism where C is colloid concentration (mg L Ϫ1 ), d g the diameter of controlling migration of strongly sorbing contaminants collectors (sand grains) (m), ε the porosity of porous medium in subsurface environments (Ramsay, 1988; Grolimund 
al., 2003).
The collector efficiency () describes the approach of colColloid deposition kinetics in natural and model poloids to the collector surface. It can be determined from (Rajarous media have been studied as a function of colloid gopalan and Tien, 1976; Logan et al., 1995) size, colloid type, surface properties, flow velocity, water ϭ 4A , 1989; O'Melia, 1990a, 1990b; McDowell-Boyer, 1992; Wan and Tokunaga, 1997 
MATERIALS AND METHODS
Hamaker constant of 1.6 ϫ 10 Ϫ21 J, which is the measured
Porous Materials and Colloids
Hamaker constant (in water) for quartz (Ackler et al., 1996) , because H does not vary very much for different materials Two types of porous materials, Hanford sediments and Acand we do not know the value for Hanford sand.
cusand, were used in this study. Coarse Hanford sediments, The attachment efficiency (␣) describes the attachment of representative of the material underlying the Hanford waste colloids to collector surfaces by accounting for electrostatic tanks, were obtained from the Submarine Pit (218-E-12B) at interactions between colloids and the porous medium. It is the Hanford Site in Washington, USA. The sediments came the ratio of the number of colloids approaching the collector from the same site as the ones used by Zhuang et al. (2003), surface to the number of colloids attached on that surface, but from a different layer of the Hanford formation. The and can be calculated by (Yao et al., 1971) sediments had the same mineralogical composition as the ones used by Zhuang et al. (2003), but a different particle size distribution (Table 1) . Detailed characterization of the sedi-
ments is given in Serne et al. (2002) . The sediments were dry sieved and the fraction between 0.053 and 2-mm grains where K a is the deposition rate, defined as K a ϭ Ϫ(v/L )ln(C e / (particle size distribution by weight: 0.65% of 0.053-0.3 mm, C 0 ), where C e represents the stable effluent concentration of 4.58% of 0.3-0.5 mm, and 94.77% of 0.5-2.0 mm) was used the colloid (g m Ϫ3 ), C 0 the influent colloid concentration (g m
in the experiments. Accusand, a typical silica sand, was purand L the column length (m).
chased from Unimin Corporation (Le Sueur, MN). Its particle Integrating Eq. [1] with the boundary conditions of C ϭ C 0 size distribution was 9% 0.1 to 0.25 mm, 69.8% 0.25 to 0.5 at x ϭ 0 and C ϭ C L at x ϭ L yields (Yao et al., 1971) mm, and 21.2% 0.5 to 1.0 mm. The two sands were rinsed with deionized water, until there were no particles suspended ln
in the liquid phase as verified by turbidity measurement, and dried at 60ЊC. The Hanford colloids used in this study were specially preThis equation can be rearranged in terms of column length pared to mimic vadose zone conditions after a waste tank L and can be used to calculate how far a certain fraction of leak, and they are considered to represent colloidal material colloids will move in a porous medium. For this study, we in Hanford sediments after a tank leak occurred (Zhao et define the distance (L T ) at which 99.9% of colloids (C L /C 0 ϭ al. , 2002, 2004) . Hanford colloids were obtained by reacting 0.001) are removed as the maximum travel distance for the Hanford sediments with a solution simulating that in the waste colloids.
storage tanks at the Hanford site (Zhao et al., 2002) . The procedure is briefly described as follows. First, 1 L of the
Calculation of Fractional Surface Coverage ()
simulated tank solution (2.8 mol kg Ϫ1 NaOH, 0.125 mol kg Ϫ1 NaAlO 4 , and 3.7 mol kg Ϫ1 NaNO 3 ) was added to 1 kg of the The dynamics of colloid deposition in porous media can Hanford sediment of sizes smaller than 2 mm. The mixture be illustrated by the temporal change of fractional surface was kept at 50ЊC and shaken periodically for 40 d. Then, coverage of sediment grains. For irreversible colloid deposicolloidal particles (diameter Ͻ2 m) were separated by gravity tion on spherical collectors, the dimensionless collector surface sedimentation. The colloidal particles were equilibrated with coverage () can be estimated as a function of time from 1 M NaNO 3 for 24 h, centrifuged, washed, and dialyzed against experimental results of colloid breakthrough from the porous deionized water until the conductivity was Ͻ0.01 dS m
Ϫ1
. By media according to (Song and Elimelech, 1993a) : tank solution treatment, some of the native colloidal particles (e.g., quartz and kaolinite) partially dissolved, and new minerals (e.g., cancrinite and sodalite) formed. About 20 g of colloi-
dal material was obtained from 1 kg of Hanford sediment. The kaolinite particles (diameter Ͻ2 m) were extracted by where is the specific density of the colloids (taken as 2650 gravity sedimentation in deionized water from well-crystalline kg m Ϫ3 ), t is time, and we have assumed that the colloidal kaolin (KGa-1, Source Clay Minerals Repository, University particles in our experiments are spherical.
of Missouri, Columbia, MO). Some basic properties of the It should be noted that filtration theory in its present form materials are provided in Table 1 . is only applicable to ideal systems where colloids are spherical and monodisperse, which is not the case in our experimental
Transport Experiments
systems, especially with the Hanford colloids. Therefore, the calculated parameters presented in this paper allow only quali-A series of saturated column experiments were performed to investigate effects of flow velocity, solution ionic strength, tative comparisons between the experiments and should not matrix properties, and colloid types on colloid deposition and about one pore volume, and reached a plateau at 1.4 transport ( Table 2 ). The column system used in the study was to 2 pore volumes ( Fig. 1a and 1b) two colloids at high velocity were higher than at low When the column was packed, a deaerated NaNO 3 backvelocity, suggesting that a hydrodynamic effect occurred ground solution (pH ϭ 10, either 1 mM, buffered with 0.024 mM mixture of Na 2 CO 3 and NaHCO 3 or 10 mM, buffered for the colloid attachment. This result agrees with previwith 0.24 mM mixture of Na 2 CO 3 and NaHCO 3 ) was preintroous studies performed with various colloids and porous duced into the column from its bottom to a certain height.
media (Goldenberg et al., 1989; Kretzschmar et al., 1997;  Then the sand was slowly poured into the column in 1-cm Compere et al., 2001) . A possible mechanism is that increments while it was stirred with a plastic rod to ensure high velocity decreased thickness of shear interface of packing uniformity and to avoid air entrapment in the column.
immobile-mobile phase on the sand, and helped the Before each experiment was run, the deaerated NaNO 3 colloids remain in streamlines because of fluid-particle same fractional surface coverage, their attachment efficiency of colloids was higher at higher flow velocity. This effect of flow velocity agrees with the experimental
RESULTS AND DISCUSSION
results of Kretzschmar et al. (1997) , who used latex
Effect of Flow Velocity
colloids, and the theoretical predictions by Song and Elimelech (1993b) of colloid deposition rate under unfa- Figure 1 illustrates the effect of flow velocity on the vorable particle-surface interaction conditions. At higher transport of both Hanford colloids and kaolinite through Hanford sediments. Colloid breakthrough occurred at flow velocity, more colloids can stay in the streamlines of flow. Consequently the number of colloids apconvection and colloidal interaction cannot be separated. proaching the collector surface was reduced, as indicated by the calculated collector efficiency () (Table 2) .
Effect of Solution Ionic Strength
In contrast, kaolinite, with larger sizes than the Hanford colloids, behaved differently. The attachment efficiency Solution ionic strength influences particle-surface (␣) of kaolinite decreased as the flow velocity increased and particle-particle electrostatic interactions through during the early stage of transport but was not affected a charge screening effect. Transport of Hanford colloids by flow velocity at the plateau stage (Table 2 , Fig. 1f) .
and kaolinite through Hanford sediments at two ionic The deposition rate (K a ) increased for both Hanford strengths (1 and 10 mM) is compared in Fig. 2a and 2b. and kaolinite colloids as the flow rate increased (Table  No Hanford colloids broke through the Hanford sand 2). Song and Elimelech (1993b) concluded that at low column in 10 mM solution, whereas kaolinite particles to moderate flow velocities (10 Ϫ6 to 10 m s
Ϫ1
) the deposiexhibited a steady-state breakthrough rate of 0.2 C/C 0 tion rate of colloids is controlled by both flow intensity under the same experimental conditions. In 1 mM solution, the maximum effluent concentrations reached and particle-surface interaction and the effects of fluid about 0.6 C/C 0 for kaolinite particles and about 0.45 Figure 2f shows that the attachment efficiency of kaolinite increased as solution ionic strength rose. For Hanford C/C 0 for Hanford colloids. Evidently, kaolinite was less filtered than Hanford colloids during the transport, recolloids at 10 mM ionic strength, the value of ␣ was equal to one, since screening of surface charge resulted gardless of the larger size of the kaolinite particles. This effect of ionic strength on the transport of both colloids in attachment for every collision. The strong nonlinear relationship of -␣ suggests the involvement of different is expected (Elimelich and O'Melia, 1990a) . The dynamics of (Fig. 2c and 2d) indicate that increasing ionic retention mechanisms at different transport stages. The influence of ionic strength on colloid mobility strength did not cause a significant change in colloid deposition in the early transport stage. However, in can be further illustrated by calculating colloid travel distances using Eq. [4]. Table 2 shows that Hanford the plateau stage, high ionic strength increased surface coverage by Hanford colloids, but had a minimum effect colloids can travel 0.9 m in 1 mM NaNO 3 in Hanford sediments, while kaolinite particles move about 1.4 m on kaolinite coverage on the sand. This implies that electrostatic interactions were more dominant for the before 99.9% of the colloids are captured by the porous media. attachment of Hanford colloids than kaolinite particles. 
Effect of Medium Surface Properties
through in Accusand, and we attribute this peak to an experimental artifact. The dynamics of , as depicted in Breakthrough results of kaolinite and Hanford col- Fig. 3c and 3d, reveal that deposition of both colloids loids in two types of sands are plotted in Fig. 3a and resulted in higher coverages on Hanford sand than on 3b. Different column packing and the use of a peristaltic Accusand. In addition, the fractional surface coverages pump that only could be adjusted incrementally caused by Hanford colloids on both types of sands were one the slightly different flow rates between the experiorder of magnitude larger than those of kaolinite. This ments. The differences in flow rates were small, so they was likely caused by the more chemical heterogeneous were unlikely to have caused any of the effects disnature of the natural Hanford colloids than the model cussed below.
kaolinite colloids. The slope of the ␣-relationship Both colloids showed a higher breakthrough from curves reduced to a constant value at one pore volume Accusand than from Hanford sand. The steady-state ( Fig. 3e and 3f ). This indicates a critical point of attacheffluent concentration increased by approximately 0.1 ment efficiency (␣), at which the decreasing deposition and 0.2 C/C 0 for Hanford colloid and kaolinite, respectively. A second peak is observed for the colloid breakrate stabilized at a constant value. The attachment effi-
